Sediments as a tool for monitoring contamination by heavy metals in the environment has long been considered. It is therefore a necessity to produce reliable data for such purposes. Microwave-assisted acid dissolution has proved to be a suitable method for digesting complex matrices, such as sediments. However, due to the infancy of the technique, the procedures are numerous and varied in both the reagents used and microwave conditions. In this study, the efficiency of two recommended acid mixtures, a HNO3-HF mixture and an aqua regia-HF mixture, under the same microwave digestion conditions were compared using certified reference materials. It was observed that the HNO3-HF mixture showed better efficiency than the aqua regia-HF mixture in most of the heavy metals analyzed in all certified reference materials used.
Introduction
Sediment is known to be a depository of metals both from anthropogenic and natural activities. Its use as a tool for monitoring heavy metal contamination in the environment has long been considered. Thus, the need for the rapid and accurate determination of heavy metals in sediments and other environmental matrices has led to the development of various analytical methods concerning both the sample digestion and the choice of appropriate instrumental techniques.
Microwave-assisted acid dissolution has proved to be a suitable method for the digestion of complex matrices, such as sediments and soils containing oxides, clay, silicates and organic substances. It also allows a shorter digestion time and good recoveries. 1 However, due to the infancy of the technique, the procedures are numerous and varied in both the reagents used and the microwave conditions. A good dissolution procedure is said to depend on the choice of the reagent and a specific temperature profile. 2 Several studies used different acid combinations (HF, HCl, HNO3, HClO4, and H2O2) in the digestion of sediments or soil for total heavy metal analyses. 1, [3] [4] [5] This often renders incomparable and unverifiable heavy metals data produced in different laboratories. For geochemical analyses of marine sediments, Loring and Rantala recommended the use of an aqua regia-HF combination for removing total metals in sediments. 6 The acid combination was proved to be effective for removing the total trace metal from an unknown homogenized marine sediment in the intercalibration exercise. 3 It has also been applied in a marine sediment certified reference material (MESS-1). In the US-EPA method 3052 the use of HNO3-HF was utilized to digest matrices, such as soil, sediment, biological, botanical and oil. 7 Both acid mixtures were applied for marine and river sediments, and were tested in marine sediment certified reference materials.
However, under different dissolution conditions, therefore, the efficiency is incomparable.
In an attempt to find an efficient acid mixture for the total dissolution of real sediment samples, this study was conducted using sediments of certified reference materials. It was the aim of this study to compare the efficiency of the two recommended acid mixtures (HNO3-HF mixture and aqua regia-HF mixture) under the same microwave digestion conditions, and to use using flame atomic absorption spectrometry (FAAS) for metal analyses.
Experimental

Instrumentation
The digestion procedure was carried out in a Milestone MLS-1200 Mega Microwave Digestion System with microwave digestion rotor (MDR) technology (Milestone Inc. Monroe, CT). The operating frequency of the microwave systems was 2450 MHz and the power range of the oven could be set in 10 W increments up to a maximum of 1000 W. The sample vessels were made of tetrafluoromethaxil (TFM) which can withstand high pressure and temperature conditions.
A determination of the total metal concentration (Cu, Zn, Ni, Co, Mn and Fe) was carried out by FAAS (Shimadzu AA-6200), using Air-acetylene burner. All metals were analyzed using a mode setting of a non-background correction, except for Ni and Co for which D2 background correction mode was used. The standard operating conditions were followed during the analyses.
Certified reference materials (CRM)
There were three marine sediment certified reference materials used. CRM GBW07313 was supplied by China National Analysis for Iron and Steel (Beijing China). This sample contained a high amount of metals. SRM 1646a was supplied from National Institute of Science and Technology, USA, containing a relatively low amount of metals; and CRM 7302-a was obtained from National Metrology Institute of Japan (NMIJ). The samples were handled according to the supplier's specifications.
Reagents and calibrations
High-purity water was produced by a Milli-Q system (Millipore, France) with electrical resistivity of 18.2 MΩ cm. All acids used in the experiments were of analytical-reagent grade. Nitric acid (60% w/v) and hydrochloric acid (35% w/v) were both from Cica-reagent Wako Chemicals, while hydrofluoric acid (50% w/v) was from Hashimoto Chemicals. Stock solutions (mg l -1 ) of Cu, Zn, Ni, Co, Mn and Fe were from Nakalai Tesque Chemicals. Standard solutions (10.0 mg l -1 ) for Cu, Zn, Ni, Co and 20.0 mg l -1 for Mn and Fe were prepared, which were used to prepare a working standard for calibration. A 0.10 M nitric acid was used as a diluent.
All of the glassware, polyethylene bottles and Teflon beakers were soaked in 10% (w/v) nitric acid for 3 -4 h, or overnight, and then thoroughly rinsed with high-purity water. Before each digestion, TFM vessels were washed with 2 ml of concentrated nitric acid, heated in a microwave oven under the same condition as the digestion heating program, and thoroughly rinsed with high-purity water.
Digestion procedure
Approximately 0.2 g of CRMs, weighed accurately, was placed in TFM vessels. Three replicates were made for every CRM used. Two acid mixtures of 9 ml of HNO3-3 ml HF and of 1 ml of aqua regia-6 ml HF were added separately to the vessels. The vessels were then placed in a protection shield and inserted to niches along the six-position MDR body. The vessels were sealed according to the manufacturer's procedure (using a tension wrench or a capping tool until a clicking sound indicated that the vessel was locked inside the niche). The MDR with the 6 vessels was then placed inside the microwave oven for heating. All experiments were carried out by heating 6 samples at the same time. For each acid mixture, reagent blanks were obtained. The blanks were prepared in the same way as the samples minus the CRMs.
The heating program consisted of a four-stage power-time setting: 1) 250 W for 5 min, 2) 600 W for 5 min, 3) 400 W for 5 min and 4) 250 W for 5 min, and finally 5 min for ventilation to cool off the vessels before removing the MDR from the microwave oven. The digestion time was around 25 min in total. The MDR was then cooled, and samples were transferred in a Teflon beaker for evaporation of excess acid. The evaporation was done in a hotplate at about 110˚C. After evaporation, the Teflon beakers were allowed to cool to room temperature, and 0.10 M nitric acid was added. The solutions were filtered with Advantec filter paper (0.45 µm pore size) into volumetric flasks. The digests and the blanks were analyzed for Cu, Zn, Co, Ni, Mn and Fe using FAAS.
Results and Discussion
Two acid mixtures (9 ml HNO3-3 ml HF and 1 ml aqua regia-6 ml HF) were studied to determine the most efficient mixture for the dissolution of metals in marine sediments under the same microwave condition. Concentrated HNO3 is a powerful oxidizing acid that dissolves most metals to form soluble metal nitrates. It is the most common acid for the oxidation of organic matrices. Concentrated HF is a nonoxidizing acid with a strong complexing nature that prevents the formation of sparingly soluble products of several metals, and increases the solubility and stability of the elements. It is one of the few acids that can dissolve silicates. Concentrated HCl is a nonoxidizing acid that exhibits weak reducing properties during dissolution. Several metal carbonates, peroxides and alkali hydroxides are readily dissolved by HCl. Most metals form soluble chlorides, with 1182 ANALYTICAL SCIENCES OCTOBER 2005, VOL. 21 Table 1 Concentrations of metals obtained using two acid mixtures in microwave digestion (µg g exception of Ag, Hg, Ti and Pb. 2 In this study, the determination limit and the optimal concentration range of analyte (mg l -1 ) in FAAS were Cu 0.04 (0.10 -5), Zn 0.01 (0.1 -3), Ni 0.08 (0.1 -3), Co 0.06 (0.05 -2), Mn 0.03 (0.1 -7), Fe 0.08 (0.1 -10). Working standards were prepared in a range that covered within the concentration of the analyte. For the digests of SRM 1646a and CRM 7302-a, 10-ml final volumes were obtained (Co content is low in these sediments), while 50-ml volumes were obtained for the digests of CRM GBW07313.
CRM GBW07313
The results of metal analyses in different CRMs are presented in Table 1 . The results show that a HNO3-HF mixture obtained higher % recoveries in all metals in CRM GBW07313 than the recovery obtained by an aqua regia-HF mixture. The CRM GBW07313 sediment contained a high amount of heavy metals. This shows that under the same microwave program (250 W for 5 min, 600 W for 5 min, 400 W for 5 min and 250 W for 5 min), HNO3-HF mixture was more efficient than the aqua regia-HF mixture in leaching metals from silicate matrices in high metal containing sediments. The HNO3-HF mixture was also found to completely decomposed a high-carbon ferrochromium metallurgical sample under a microwave heating program of 50 min. 8 This capacity of the HNO3-HF mixture is due to the low boiling points and large partial pressure of HNO3 and HF. The pressure inside the vessel greatly increased as the temperature increased; thus, complete or nearly complete dissolution was attained. Unfortunately, there was no available software to monitor the internal pressure and temperature in the microwave region used in the present study. In the aqua regia-HF mixture, because the volume of aqua regia was very small (1 ml) only the partial pressure of HF influenced the pressure inside the vessel, decreasing its efficiency in leaching metals under the microwave condition.
The recoveries obtained by the HNO3-HF mixture were around 100% for Zn, Co and Ni, while 92 -95% for Cu, Mn and Fe. One reason for the slightly low recovery of Cu, Mn and Fe in CRM GBW07313 was due to incomplete breakdown of the resistant oxide, phosphate or silicate minerals to which these metals can be bound. Although HF is considered to be the only acid that can dissolved silicates, not all silicates can be dissolved by it. CRM GBW07313 containing a high amount of SiO2 (53.86%) and Al2O3 (13.75% certified value) might contain some HF-insoluble silicates that can cause the slightly low recovery of Cu, Mn and Fe. According to Sulcek et al. (1977) , high aluminum silicates and polymorphous silicon dioxide are not dissolved in HF. 9 Another reason for the low recovery might be due to FAAS analytical errors. In order to verify this idea, the interferences of Si and Al on Mn, Fe and Cu absorption were examined. The absorbance of 5 ppm Mn, Cu and 7.5 ppm Fe were measured in a solution added to 0 -100 ppm Si and to 0 -100 ppm Al. The results are shown in Figs. 1  and 2 , for Si and Al, respectively. It was observed that Si depressed the absorbance of Mn and Fe significantly. At 10 ppm Si the absorbance of Mn and Fe was depressed to 85 -90%. In this study, the Si concentration of the analyte solution from HNO3-HF digestion was around 4.0 -12 ppm Si. Si gives a slight interference on Mn and Fe absorbance leading to a slightly low recovery.
Literature also reported that approximately 4 ppm and 20 ppm of Si were found to have slight degrees of interference with Mn and Fe, respectively. 4 The interference of Si was not found in Cu. The interference of Al (forming oxy-ions) with Fe, Mn and Cu is shown in Fig. 2 . The interference of Al was not significant in the absorbance of Fe, Mn and Cu. In this study, the Al concentration of an analyte solution from HNO3-HF digestion was around 60 -100 ppm Al.
However, the recovery obtained for Cu, Mn and Fe in this study using a HNO3-HF mixture was still superior compared to what had been obtained from other similar studies. The study of Sandroni et al. (2003) utilized the HNO3-HF-H2O mixture for microwave-assisted digestion of a PACS-1 marine sediment reference material. The total digestion time reached 51 min and the recoveries of Cu and Fe were 85% and 59%, respectively. 5 In a study of Tanner and Leong (1997), 10 ml of HNO3 was utilized for the microwave-assisted digestion of a PACS-1 marine sediment reference material; the recoveries of Cu, Mn and Fe were 86%, 68% and 56%, respectively. 10 
SRM 1646a
The results of the % recovery of metals in SRM 1646a are presented in Table 1 . It shows that in SRM 1646a, high % recoveries of Cu, Zn, Co and Ni were obtained from both acid mixtures (HNO3-HF and aqua regia-HF), % recovery of 97 -112%. However, for Mn and Fe, the % recovery was higher in the HNO3-HF mixture (98% and 102, respectively) compared to the aqua regia-HF mixture (83% and 87%, respectively). This proves the superior capacity of the HNO3-HF mixture to dissolve metals from the silicate matrices in sediments using microwave digestion compared to the aqua regia-HF mixture. Nitric acid is an oxidizing acid that can dissolve most metals to form soluble metal nitrates. 2 The higher % recovery of all metals analyzed (Cu, Zn, Co, Ni, Mn and Fe) using a HNO3-HF mixture for SRM 1646a compared to CRM GBW07313 could show that complete dissolution was obtained in SRM 1646a (low metal-containing sample). This also reveals that the obtained digests may contain less interfering ions, which cause analytical errors and low recovery of metals. It is difficult to trace the error for the slightly over-estimated value of Ni. Although Al was known to interfere with Ni, 11 it has not been observed in CRM GBW07313, which contains a greater % Al2O3 than SRM 1646a. In this case, the slightly over-estimated value of Ni in SRM 1646a might just only be a cause of external contamination along the preparation steps. Unfortunately, this has not been verified.
SRM 7302-a
The results are presented in Table 1 . The recoveries obtained for Zn, Co, Mn and Fe were 97 -99% and for Cu and 95% for Ni in a HNO3-HF acid mixture. Again, the HNO3-HF acid mixture showed superior leaching capacity compared to the aqua regia-HF mixture. The slightly low recoveries of Cu and Ni in this sample are believed to be due to some spectral interferences during the analysis.
Generally, it could be observed that the HNO3-HF acid mixture had a greater % recovery of Mn and Fe in all reference materials used compared to the aqua regia-HF mixture. This proves that under a given microwave condition, the former acid mixture was more efficient in leaching silicates and oxides matrices in all of the certified reference materials used.
Conclusions
This study aimed to compare two acid mixtures efficiency in order to choose a good mixture that can be applied in real sediment samples in obtaining reliable data of heavy metals.
This study shows that under the given microwave condition (250 W for 5 min, 600 W for 5 min, 400 W for 5 min and 250 1183 ANALYTICAL SCIENCES OCTOBER 2005, VOL. 21 W for 5 min), a HNO3-HF mixture showed a better % recovery of all metals than an aqua regia-HF mixture. The superiority of HNO3-HF was more visible for Mn and Fe recovery. The % recovery of Mn and Ni in all certified reference materials used was in the range of 95 -99% and 92 -97%, respectively, using the HNO3-HF mixture. However, it is only 59 -83% and 69 -87% Ni recoveries using the aqua regia-HF mixture. In this study, a short digestion setting was established, while reliable results could be obtained.
The possibility of using the HNO3-HF mixture and the presented microwave power settings on real samples will be considered in future studies. 
